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Introduction {#sec001}
============

Several probiotic bacteria have been reported as favorable candidates for the treatment and prevention of disease through the regulation of the host immune system \[[@pone.0210854.ref001],[@pone.0210854.ref002]\]. Consuming probiotic foods, such as yogurt, has been reported to improve abnormal immune function \[[@pone.0210854.ref003],[@pone.0210854.ref004]\]. In addition to live lactic acid bacteria, heat-killed cells also display immunomodulatory functions \[[@pone.0210854.ref005],[@pone.0210854.ref006]\]. Inflammatory bowel disease (IBD) is a group of inflammatory disorders of the digestive tract that includes Crohn's disease (CD) and ulcerative colitis (UC). UC occurs in the innermost lining of the colon and rectum, whereas CD occurs throughout the digestive tract, with inflammation that frequently spreads deep into affected tissues. Clinically, the key symptoms of IBD involve severe diarrhea, pain, fatigue, weight loss and enlargement of lymph nodes \[[@pone.0210854.ref007]\]. In addition, IBD increases the risk of colon cancer. There is a wealth of evidence that the immune system plays an important role in the development and progression of CD and UC \[[@pone.0210854.ref008],[@pone.0210854.ref009]\]. A useful approach to study the pathogenesis and complexity of human IBD is to induce IBD in animals. Widely used models include chemical-induced colitis models such as dinitrobenzene sulfonic acid (DNBS)-induced colitis \[[@pone.0210854.ref010]\]. DNBS provokes cell-mediated immune responses and prompts transmural inflammation in the gut with morphological and histopathological features similar to human IBD \[[@pone.0210854.ref011]\].

*Enterococcus faecalis*, a gram-positive commensal bacterium in the guts of mammals, has been reported to have immune regulatory properties \[[@pone.0210854.ref012],[@pone.0210854.ref013]\], and strains have been used as probiotics for a variety of beneficial purposes \[[@pone.0210854.ref014]\]. Heat-killed *E*. *faecalis* derived from the gut have been reported to display a radiation-protective effect, anti-tumor activity, and anti-atopic dermatitis properties \[[@pone.0210854.ref015]--[@pone.0210854.ref017]\]. Heat-killed *E*. *faecalis* can therefore be used safely without risk of infection or antibiotic resistance. However, little is known about the effects of heat-killed *E*. *faecalis* on an IBD model. Therefore, the goal of this study was to examine the effect of heat-killed probiotic *E*. *faecalis* EF-2001 (EF-2001) on a mouse model of DNBS-induced colitis.

Materials and methods {#sec002}
=====================

Preparation of EF-2001 {#sec003}
----------------------

EF-2001 is a commercially available probiotic that was originally isolated from healthy human infant feces. It was supplied as a heat-killed, dried powder by Nihon BRM Co. Ltd (Tokyo, Japan). One gram of dried EF-2001 is equivalent to over 7.5 × 10^12^ colony-forming units prior to being heat-killed.

Experimental design and induction of colitis {#sec004}
--------------------------------------------

Four-week-old female NC/Nga mice (average body weight, 18.7 ± 1.2 g) were obtained from Orient Bio (Seongnam, Korea). Animals were kept in individual stainless steel bottomed cages in a windowless room on a 12 h light/dark cycle. Commercial diet and sterilized water were provided ad libitum throughout the experiment. After 7 days of adaptation, the 28 mice were divided in to 4 groups (n = 7 mice/group): control mice fed a normal commercial diet; mice with DNBS-induced by rectal administration of colitis; mice with DNBS-induced by rectal administration of colitis treated by oral administration of 2 mg/kg (1TM) EF-2001; and mice with DNBS-induced by rectal administration of colitis treated by oral administration of 17 mg/kg/day (7TM) EF-2001). The mice in the control and DNBS groups were fed a commercial diet and water. The EF-2001 treatment groups were administrated orally and daily gavage doses of EF-2001 for 16 days, then colitis was induced in the three experimental groups by rectal administration of 4% DNBS in 50% ethyl alcohol for two days ([Fig 1A](#pone.0210854.g001){ref-type="fig"}). The dosages of EF-2001 were determined by previous reports \[[@pone.0210854.ref017],[@pone.0210854.ref018]\]. All animal care procedures and experiments were approved by the Institutional Animal Care and Use Committee of Konkuk University (KU15113). Upon completion of the treatment period, mice were euthanized and the colons were removed and placed in ice-cold phosphate-buffered saline (PBS) for histological and expression analysis.

![Experimental design (A). The weight of individual mice was measured daily (B). Representative images of mouse anuses from each group (C). CON (fed commercial diet), (D). Rate of the rectal prolapse (%), (E). Disease activity index, DNBS (induced colitis by dinitrobenzene sulfonic acid, DNBS), EF-2001 1TM (EF-2001 1TM administration + induced colitis by DNBS), EF-2001 7TM (EF-2001 7TM administration + induced colitis by DNBS). \*, *p*\<0.05 compared to the control group. ^1)^Weight change as percent of weight gain(+) or loss(-) from the start of the experiment. ^a-d^Means are significantly different at *p* \< *0*.*05*.](pone.0210854.g001){#pone.0210854.g001}

Disease activity index {#sec005}
----------------------

During the DNCB treatment, a disease activity index (DAI) score can be assessed to evaluate the clinical progression of colitis. The DAI is the combined score of weight loss compared to initial weight, stool consistency, and bleeding. Scores are defined as follows: weight loss: 0 (no loss), 1 (1--5%), 2 (5--10%), 3 (10--20%), and 4 (\>20%); stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhea); and bleeding: 0 (no blood), 1 (Hemoccult positive), 2 (Hemoccult positive and visual pellet bleeding), and 4 (gross bleeding, blood around anus) \[[@pone.0210854.ref018]\].

Histological study {#sec006}
------------------

Colons were cut to approximately 1 cm^3^ in size and placed in Eppendorf tubes containing 5 mL 4% paraformaldehyde in PBS for overnight fixation. Afterward, the colon tissues were placed in a histological cassette and transferred through baths of progressively more concentrated ethanol to remove the water. The ethanol was removed and replaced with the hydrophobic clearing agent xylene. This was replaced with molten paraffin wax, which acts as an infiltration agent. After embedding, the tissue were prepared as sections (thickness: 10 μm) and stained with hematoxylin and eosin for histological analysis.

Histological score, crypt architecture (normal, 0---severe crypt distortion with loss of entire crypts, 3), degree of inflammatory cell infiltration (normal, 0 --dense inflammatory infiltrate, 3) \[[@pone.0210854.ref019]\].

Real-time polymerase chain reaction (PCR) {#sec007}
-----------------------------------------

Quantitative real-time PCR was carried out using a Thermal Cycler Dice TP850 (Takarabio Inc., Shiga, Japan) according to the manufacturer's protocol. Total RNA was isolated from colons from each group using TRIzol. First-strand complementary DNA (cDNA) was synthesized using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). cDNA synthesis was performed at 45°C for 60 min, followed by RT inactivation at 95°C for 5 min. The conditions for PCR were similar to those previously described \[[@pone.0210854.ref016]\]. Briefly, 2 μL of cDNA (100 ng), 1 μL each of sense and antisense primer solutions (0.4 μM), 12.5 μL of SYBR Premix Ex Taq (Takara Bio Inc.), and 9.5 μL of dH~2~O were mixed to obtain a final 25-μL reaction mixture. The primers used for qPCR were as follows: mouse iNOS forward primer: `ATC ATG AAC CCC AAG AGT TT`, reverse primer: `AGA GTG AGC TGG TAG GTT CC`; mouse COX-2 forward primer: `AAG ACT TGC CAG GCT GAA CT`, reverse primer: `CTT CTG CAG TCC AGG TTC AA`; IFN-γ forward primer: `TCA AGT GGC ATA GAT GTG GA`, reverse primer: `TGG CTC TGC AGG ATT TTC AT`; mouse IL-1β forward primer: `AAC CAA GCA ACG AVA AAA TA`, reverse primer: `AGG TGC TGA TGT ACC AGT TG`; mouse IL-6 forward primer: `CCG GAG AGG AGA CTT CAC AG`, reverse primer: `GGA AAT TGG GGT AGG AAG GA`; mouse IL-10 forward primer: `TAA GGC TGG CCA CAC TTG AG`, reverse primer: `GTT TTC AGG GAT GAA GCG GC`; and mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward primer: `GCA CAG TCA AGG CCG AGA AT`, reverse primer: `GCC TTC TCC ATG GTG GTG AA`.

The amplification conditions were 10 s at 95°C, then 40 cycles of 5 s at 95°C and 30 s at 60°C, 15 s at 95°C, 30 s at 60°C, and 15 s at 95°C. The mRNA levels of the target genes, relative to GAPDH, were normalized using the following formula: relative mRNA expression = 2^−(Ct\ of\ target\ gene\ −Ct\ of\ GAPDH)^, where Ct is the threshold cycle value. For each sample, the expression of the analyzed gene was normalized to that of GAPDH and presented as the relative mRNA level.

Statistical analysis {#sec008}
--------------------

All results were expressed as mean ± standard deviation (SD). Statistical analyses were performed with Graph Pad Prism version 5.00 for windows (GraphPad Software, La, Jolla, CA, USA). The observed differences were analyzed for statistical significance by one-way analysis of variance with Tukey's multiple comparison as a post-hoc test. Differences were considered significant at p \< 0.05.

Results {#sec009}
=======

Effect of EF-2001 on body weight, rectal prolapse, and colon and mesenteric lymph node size {#sec010}
-------------------------------------------------------------------------------------------

We monitored body weight for each group of mice daily during the experimental period. Body weight was reduced after rectal supplementation with DNBS, however the weights of DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups ([Fig 1B](#pone.0210854.g001){ref-type="fig"}) were recovered with EF-2001 administration. Rectal prolapse was also observed in the DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups, but was improved compared to DNBS-alone mice ([Fig 1C and 1D](#pone.0210854.g001){ref-type="fig"}). Furthermore, in the disease activity index, we found the DNBS+EF-2001 1TM and DNBS+EF-2001 groups disease activity scorings were lower than DNCB group ([Fig 1E](#pone.0210854.g001){ref-type="fig"}). After the experimental period, mice were euthanized and the length and weight of the colon and mesenteric lymph node were measured. The colon weight did not significantly differ between groups ([Fig 2A and 2B](#pone.0210854.g002){ref-type="fig"}). However, the DNBS group colons were shorter than those of the EF-2001 1TM- and EF-2001 7TM-treated groups ([Fig 2A and 2C](#pone.0210854.g002){ref-type="fig"}). We observed the increased-mesenteric lymph nodes in the DNBS group compared with the control group, and EF-2001 treatment reduced mesenteric lymph node weight compared to the DNBS group ([Fig 2D and 2E](#pone.0210854.g002){ref-type="fig"}).

![Effect of EF-2001 on the colon and mesenteric lymph node.\
Representative images of mouse colons from each group (A). Weight and length of mouse colons (B,C). Mesenteric lymph node size, weight, and length (D,E,F). CON (fed commercial diet), DNBS (induced colitis by dinitrobenzene sulfonic acid, DNBS), EF-2001 1TM (EF-2001 1TM administration + induced colitis by DNBS), EF-2001 7TM (EF-2001 7TM administration + induced colitis by DNBS). ^\#^, *p*\<0.05 compared to the control group. \*, *p*\<0.05 compared to the DNBS-only group.](pone.0210854.g002){#pone.0210854.g002}

Effect of EF-2001 on cytokine expression in the mouse colon {#sec011}
-----------------------------------------------------------

Colon expression of the cytokines inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 was much higher in the DNBS group compared to the control group. The expression of these cytokines was decreased in the DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups, indicating that EF-2001 suppressed the DNBS-induced overexpression of iNOS and COX-2 ([Fig 3A and 3B](#pone.0210854.g003){ref-type="fig"}). In addition, expression of IFN-γ, IL-1β and IL-6 was increased in the DNBS group compared to the control group, and significantly inhibited by EF-2001 treatment ([Fig 3C--3E](#pone.0210854.g003){ref-type="fig"}). However, there were no significant changes in IL-10 expression between the groups. Meanwhile, the expression of IL-10 in the DNBS group exhibited pretty higher SD values than others, it was due to one outlier value. In addition, from the results, EF-2001 didn't affect anti-inflammatory cytokine IL-10, which inhibits lipopolysaccharide and bacterial product mediate induction of the pro-inflammatory cytokines IFN-γ and IL-1β \[[@pone.0210854.ref020],[@pone.0210854.ref021]\].

![Cytokine expression in the mouse colon.\
DNBS (induced colitis by dinitrobenzene sulfonic acid, DNBS), EF-2001 1TM (EF-2001 1TM administration + induced colitis by DNBS), EF-2001 7TM (EF-2001 7TM administration + induced colitis by DNBS). \*, *p*\<0.05 compared to the DNBS-only group.](pone.0210854.g003){#pone.0210854.g003}

Effect of EF-2001 on mouse colon histology {#sec012}
------------------------------------------

Control group showed normal appearing colonic crypts that are uniform and evenly placed. However, extensive epithelial damage and crypt destruction were observed in colonic tissue sections from mice in the DNBS group ([Fig 4](#pone.0210854.g004){ref-type="fig"}). The DNBS groups showed crypts that are shorter and more variable in length and luminal diameter, and showed focal crypt dropout, goblet cell depletion, evidence of epithelial regeneration and restitution, and an infiltrate of acute inflammatory cells extending into the submucosa. On the contrary, these symptoms were protected by EF-2001 treatment, as observed in tissue sections from the DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups ([Fig 4A and 4B](#pone.0210854.g004){ref-type="fig"}), and the histological score in [Fig 4C](#pone.0210854.g004){ref-type="fig"}. DNBS group (3.0±0.3) exhibited the highest score than DNBS+EF-2001 1TM (2.1±0.2) and DNBS+EF-2001 7TM (1.3±0.3) groups.

![Effect of EF-2001 on the histopathological outcomes of DNBS-induced colitis.\
Colon sections from euthanized mice were stained with hematoxylin and eosin. Representative tissue sections of DNBS (induced colitis by dinitrobenzene sulfonic acid, DNBS), EF-2001 1TM (EF-2001 1TM administration + induced colitis by DNBS), and EF-2001 7TM (EF-2001 7TM administration + induced colitis by DNBS) mice imaged with 10×(A) and 100× (B) objectives, (C) Histological score.](pone.0210854.g004){#pone.0210854.g004}

Discussion {#sec013}
==========

In recent years, major progress has been made in both the diagnosis and treatment of IBD, resulting in a better quality of life for individuals affected by CD and ulcerative colitis. The probiotics---microorganisms with preventive and/or therapeutic potential may be reduced the duration of active disease \[[@pone.0210854.ref022], [@pone.0210854.ref023]\]. Recently, probiotics such as Streptococcus thermophilus NCIMB 41856, Lactobacillus plantarum CGMCC1258, and Lactobacillus delbrueckii TUA4408L showed beneficial anti-inflammatory effects in inflammatory bowel disease \[[@pone.0210854.ref024],[@pone.0210854.ref025]\]. However, when the microorganism makes a change from commensal to pathogenic, and migrate from the gastrointestinal tract to the bloodstream potentially, it can lead to life-threatening infections, such as sepsis or bacterial endocarditis \[[@pone.0210854.ref026],[@pone.0210854.ref027]\]. Although the treatment benefits of probiotics have been reported for more than 100 years ago, the safety issues have not yet been clearly identified. There are case reports of complications from certain bacteria treatments that means that the probiotic safety should be reconsidered \[[@pone.0210854.ref027]--[@pone.0210854.ref029]\]. In individuals with severe immunodeficiency or a pre-existing structural heart disease, lactic acid bacteria can shift and cause serious infection \[[@pone.0210854.ref030]--[@pone.0210854.ref032]\]. In contrast, non-viable microbial or microorganisms cell extracts have no shelf-life problems and can reduce the risks of microbial translocation and infection associated with live probiotics. In particular, non-viable or heat-sterilized lactobacilli provide biological activities as well as advantages of extended product shelf life, convenient transportation and easier storage \[[@pone.0210854.ref033]\]. However, the health benefits of non-viable probiotics for IBD are not well known. Therefore, in this context, we have used heat-killed *E*. *faecalis* to treat colonic injury in mice induced by rectal supplementation with DNBS. DNBS-induced colitis is a widely used model that is phenotypically similar to colitis in humans, including loss of body weight, mucosal ulceration, and colonic shortening \[[@pone.0210854.ref034]\]. We monitored body weight, rectal prolapse, and colon and mesenteric lymph node size. EF-2001 did not affect body or colon weight, or mesenteric lymph node length; however, it affected rectal prolapse, colon length, and mesenteric lymph node weight.

Cytokines are significantly involved in the pathogenesis of IBD, and iNOS and COX-2 are responsible for initiating, regulating, and perpetuating inflammation in IBD. Therefore, we measured the expression of iNOS and COX-2 in inflamed colons by real time PCR, and found that EF-2001 inhibited their expression. Previous studies have reported that colonic epithelial cells are principally responsible for gut NO production, and elevated iNOS activity was found in the colons of patients with UC \[[@pone.0210854.ref035]--[@pone.0210854.ref038]\]. Furthermore, Singer et al \[[@pone.0210854.ref039]\] observed iNOS expression in the inflamed colons of patients with IBD, consistent with our results in infectious colitis.

High IFN-γ production, as part of a Th1-driven immune response, has been related to colitis in mice \[[@pone.0210854.ref040]\]. In addition, Ito et al \[[@pone.0210854.ref041]\] reported that IFN-γ played a fundamental role in the initiation of colitis in mice. Further, IFN-γ activates downstream effector cells to produce pro-inflammatory cytokines such as IL-1β. Therefore, suppression of IFN-γ and IL-1β induction may explain the anti-inflammatory properties observed for EF-2001. In addition, the Th1 or humoral response is critical for resistance against extracellular pathogens, and these cells produce certain IL-family cytokines, including IL-1β, IL-6, and IL-10. In patients with UC, the pattern of cytokine expression varies from that seen in CD, with an increased level of IL-6 \[[@pone.0210854.ref042]\]. We observed increased IL-6 expression in the DNBS group. However, the DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups displayed decreased IL-6 expression, suggesting that production of other Th2-related cytokines may also be affected. IL-10 is also a well-known anti-inflammatory cytokine, with inhibitory effects on autoimmune disease \[[@pone.0210854.ref043]\]. However, unlike IL-6, production of IL-10 was down-regulated in DNBS group (no significance), and no significant differences in IL-10 expression were observed between the groups in our study. This result was similar with Wu et al \[[@pone.0210854.ref044]\]. They reported that IL-10 was significantly inhibited in trinitrobenzene sulfonic acid (TNBS)-induced IBD model of mice.

Histological analysis revealed extensive damage to the epithelium along with crypt destruction in colonic tissue sections from the DNBS group. On the contrary, crypt destruction was attenuated in the DNBS+EF-2001 1TM and DNBS+EF-2001 7TM groups. This data is similar to a previous study by Morampudi et al \[[@pone.0210854.ref045]\]. They demonstrated that a reduced histological damage including crypt abscess formation, inflammatory cell infiltration, and loss of mucosal integrity in fish oil fed rats from DNBS colitis models.

Conclusions {#sec014}
===========

The present study demonstrates the ability of EF-2001 to protect from DNBS-induced colitis. EF-2001 attenuated IBD symptoms, suppressing the pathogenic shortening of colon length, reducing mesenteric lymph node weight, and downregulating proinflammatory cytokine expression in the colon, thereby improving DNBS-induced colonic tissue destruction. These results clearly demonstrate that therapeutic use of EF-2001 may reduce inflammation associated with colitis. However, in this study there were no groups for heat killed or live EF-2001 without administration of DNBS, and live EF-2001 with administration of DNBS. Therefore further study is strongly suggested to demonstrate the difference of the heat killed and live EF-2001 on IBD.

Supporting information {#sec015}
======================

###### Supporting information file include body weigh for [Fig 1B](#pone.0210854.g001){ref-type="fig"}.
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